With the high luminosity upgrade of the LHC the ATLAS Muon spectrometer will face increased particle rates, requiring an upgrade of the innermost end-cap detectors with a high-rate capable technology. Micromegas have been chosen as main tracking technology for this New Small Wheel upgrade. In an intense R&D and prototype phase the technology has proven to meet the stringent performance requirements of highly efficient particle detection with better than 100 µm spatial resolution, independent of the track incidence angle up to 32
Introduction -Micromegas for the ATLAS NSW
Resistive Micromegas (MICRO MEsh GAseous Structure) detectors have proven over the years to be a reliable high rate capable detector technology characterized by an excellent spatial resolution and discharge immunity. The ATLAS collaboration [1] has chosen the resistive Micromegas technology, along with small-strip Thin Gap Chambers (sTGC), for the high luminosity upgrade of the inner muon station in the high-rapidity region, the so called New Small Wheel (NSW) upgrade project [2] .
The NSW shall provide a muon p T measurement with 10% resolution at 1 TeV/c. This requires fully efficient Micromegas chambers with spatial resolution better than 100 µm independent of the track incidence angle (≤ 32
• ), the magnetic field (B ≤ 0.3 T) and with a rate capability of up to 15 kHz/cm 2 . The design of the Micromegas quadruplets foreseen for the NSW upgrade is introduced in section 2. Different prototypes, starting with small (10×10 cm 2 ) single plane detectors, medium size (0.95×0.5 m 2 ) Micromegas quadruplets to full size NSW modules are presented in section 3. An intense series of tests has been performed using cosmic muons as well as medium (10 GeV/c) and high (150 GeV/c) momentum muon and hadron beams at CERN including measurements inside magnetic field and in high-rate gamma background environments. Results on the measured efficiency and position resolution will be shown in section 4, demonstrating the excellent properties of the detectors meeting the NSW requirements.
Design of the NSW Micromegas modules
Micromegas detectors [3] are gaseous parallel plate detectors consisting of two gas filled volumes with asymmetric electric fields ( Fig. 1) : the drift region (5 mm, 0.6 kV/cm) and the amplification region (128 µm, 40-45 kV/cm). The two regions are separated by a thin metallic mesh and are filled with an ArCO 2 93:7 vol% gas mixture. In the detector layout adopted for the ATLAS NSW upgrade a layer of resistive strips covers the readout strips, making the detector discharge tolerant [4] . Grounding the mesh and applying positive high voltage to the resistive anode strips allows a spatial segmentation of the amplification voltage, according to the segmentation of the resistive layer. A quadruplet design has been chosen for the NSW Micromegas to accommodate four detector layers within the 8 cm wide envelope of a module (Fig. 2) . The four readout layers are paired in a back-to-back configuration on two double-sided readout panels. The woven stainless steel mesh is mechanically pressed onto 128 µm high pillars distributed with 7 mm distance over the full anode surface and electro-statically pulled into position once voltages are applied. The drift panels, carrying the cathode, the gas distribution pipes, the gas gap defining frames and the metallic mesh, are arranged in a central double-sided panel and two single-sided panel on the outside.
To reach a spatial resolution of 100 µm, the 300 µm wide readout strips are orientated perpendicularly to the precision coordinate on the two sides of the first panel (eta). The inclination of the strips by ±1.5
• on the two sides of the second panel (stereo) allows for a coarse determination of the second coordinate, with an accuracy of 2 to 3 mm without significant degradation of the precision coordinate resolution [5] .
The two NSWs will accommodate 128 Micromegas quadruplets of 4 different type and size. Each type will be fabricated in a different construction center and the NSW assembly will be done at CERN.
Prototypes and Mechanical Accuracy Requirements
In preparation of the NSW construction several prototypes were built to demonstrate that performance requirements can be met and construction methods are mature to reach the required mechanical accuracy. Among these mechanical constraints the two most challenging are the surface planarity requirement of ± 80 µm (RMS) over several square meters surface and the strip position accuracy of better than 30 µm between the four planes of one quadruplet detector.
Small size, single-plane Micromegas
The hit reconstruction performance of small (10 × 10 cm 2 ) single-plane Micromegas was tested with muons and hadrons provided by the CERN PS or SPS testbeam facilities. The chambers were arranged in a telescope configuration and were rotated within a frame to study tracks crossing under different inclination angles.
Medium size quadruplet prototypes
Two Micromegas Small Wheel (MMSW) prototype quadruplets were built, following the layout of the NSW detectors described in Section 2, despite their reduced size (0.95×0.5 m 2 ) compared to the full NSW modules.
For the MMSW detectors a panel planarity of 50 µm (RMS) has been achieved. The plane-to-plane alignment of the two sides of a panel has been measured to be better than 30 µm in the precision coordinate direction. A detailed report on the construction, validation and performance is presented in [6] . 
NSW size modules
First Micromegas modules in full NSW size are currently under construction and several panels have already been completed in all construction sites. Profiting from revised and improved construction methods, compared to the MMSW prototype, a planarity better than 30 µm (RMS) on 2-3 m 2 surface has been achieved. 
Hit Reconstruction Performance

Spatial Resolution in the Precision Coordinate
The spatial resolution of the Micromegas detectors was investigated during a series of tests using medium (10 GeV/c) and high (150 GeV/c) momentum muon and hadron beams at CERN. A telescope setup of Micromegas detectors (Fig. ?? ) was used to determine the tracks the residuals between the hit position in pairs of Micromegas chambers were measured and divided by √ 2 to obtain the single-plane resolution. For perpendicularly incident beam the hit position was defined by weighting the strip positions with the charge measured on each strip (centroid method). The residual distributions were fitted with the sum of two Gaussians. The spatial resolution of a single plane corresponds to the weighted average of the two fitted Gaussians (Fig. 5) : The requirement of a spatial resolution better than 100 µm in the precision coordinate was met with various small-size Micromegas and with each of the MMSW quadruplet eta-planes and the combined stereo-planes.
Centroid vs. µTPC Reconstruction Method
The NSW will be hit by muons under an angle of up to 32
• . The centroid method is accurate for hit position reconstruction of almost perpendicular tracks, but the resolution deteriorates with increasing track incident angle, since the signal extends over a larger number of strips. By measuring the arrival time of ionization charge on the strips, the origin of the primary ionization in the drift gap can be determined and the track can be reconstructed in a single detector plane (µmPC method). The hit position is defined as the track position in the middle of the drift gap. Figure 6 : Spatial resolution using the charge centroid method (blue triangles), the µTPC method (full red circles) and the combination of the two (black open circles) as a function of the particle incident angle. [7] With a 5 mm drift gap and O(400 µm) strip pitch the µTPC method can be used for incident angles ≥ 10
• . A combination of both methods provides the required 100 µm spatial resolution over the full incident angle range (Fig. 6 ).
Spatial Resolution in the Second Coordinate
Combining the hit position measurement on the two stereo layers with strip orientation rotated by ±1.5
• , the hit coordinate can be reconstructed in the precision and the second coordinate [5] .
The resolution of the MMSW second coordinate stereo doublet hit reconstruction was measured in a µ / π + beam, with one reference chamber for the independent measurement of the second coordinate. Both chambers were orientated perpendicularly to the beam axis and the hit position per layer was reconstructed using the centroid method. The observed spatial resolution of σ stereo =2.6 mm is in agreement with the predicted ratio of σ stereo /σ eta = 27 [5] and meets the ATLAS NSW requirement.
Detection Efficiency
A single-plane particle detection efficiency of 98% is required over the full surface of the NSW Micromegas detectors. The efficiency of each MMSW detector plane (Fig. 8 ) was measured by reconstructing cosmic muon tracks in 3 out of 4 layers and requiring a corresponding hit in the tested layer [6] .
Performance in High-Rate Background Environment
The NSW detectors closest to the beam pipe will be exposed to a background hit rate of up to 15 kHz/cm 2 after the high luminosity upgrade of the LHC [2] . The high-rate capability of the Micromegas was tested under γ-irradiation of a 16 TBq 137 Cs source in the CERN GIF++ facility. A telescope was used to measure the tracks of high-momentum muons provided by the SPS secondary beam line and determine the resolution of the chamber as described in subsection 4.1 [6] . No deterioration of the spatial resolution or the charge per signal was observed for hit rates up to 64 kHz/cm 2 ( Fig. 9 ).
Performance in Magnetic Fields
In the presence of a magnetic field perpendicular to the electric field the electrons are deflected from the electric field lines direction by the Lorentz angle. This deflection causes a systematic displacement of the reconstructed hit position compared to the zero magnetic field case (Fig. 10 -left) . A correction of this shift can be applied during the reconstruction if the magnetic field strength and direction is known. The correlation between the position shift, the Lorentz angle and the magnetic field was studied in a beam test at CERN SPS H2 with the Micromegas setup in ≤1T magnetic field [9] .
After proper calibrated reconstruction, no degradation of the performance of the Micromegas detectors was observed and measurements of the Lorentz angle are in agreement with simulation prediction for the various magnetic fields (Fig. 10 -right) . 
Conclusion
The challenging requirements on the performance of the NSW tracking detectors have proven to be achievable with the resistive Micromegas technology. An intense prototype-and R&D-phase has confirmed the excellent hit reconstruction capabilities of these detectors, even under the difficult conditions of magnetic field and high background irradiation expected in the forward region of the ATLAS Muon spectrometer during high luminosity LHC operation. These performance results have been confirmed with quadruplet prototypes following the layout of the NSW modules on a reduced size. The first full size modules are currently under construction and so far all mechanical requirements have been met. Their finalization is expected in summer 2016 and will be followed by a re-validation of the detector performance on full scale.
